We have studied models of telomerase haploinsufficiency in humans and mice to analyze regulation of telomere length and the significance of "set points" in inheritance of telomere length. In three families with clinical syndromes associated with short telomeres resulting from haploinsufficient mutations in TERT, the gene encoding telomerase reverse transcriptase, we asked whether restoration of normal genotypes in offspring of affected individuals would elongate inherited short telomeres. Telomeres were shorter than normal in some but not all genotypically normal offspring of telomerase-mutant parents or grandparents. Analysis of these findings was complicated by heterogeneity of telomere length among individuals, as well as by the admixing of telomeres inherited from affected parents with those inherited from unaffected ("wild-type" TERT) parents. To understand further the inheritance of telomere length, we established a shortened-telomere mouse model. When Tert +/− heterozygous mice were successively cross-bred through 17 generations, telomere length shortened progressively. The late-generation Tert +/− mice were intercrossed to produce genotypically wild-type Tert +/+ mice, for which telomere length was characterized. Strikingly, telomere length in these Tert +/+ mice was not longer than that of their Tert +/− parents. Moreover, when successive crosses were carried out among these short-telomere Tert +/+ offspring mice, telomere length was stable, with no elongation up to six generations. This breeding strategy therefore has established a mouse strain, B6.ST (short telomeres), with C57BL/6 genotype and stable short telomeres. These findings suggest that the set point of telomere lengths of offspring is determined by the telomere lengths of their parents in the presence of normal expression of telomerase.
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dyskeratosis congenita | haploinsufficiency | telomerase | aplastic anemia | pulmonary fibrosis T elomerase is an RNA-dependent DNA polymerase that consists of two essential components, a template RNA (TERC) and a catalytic reverse transcriptase (TERT). The telomerase holoenzyme adds telomeric DNA repeats at the termini of eukaryotic chromosomes, thus maintaining telomere length and function despite telomere attrition that normally occurs during chromosomal replication. Telomeric DNA repeats and specific associated proteins are assembled to form telomere structures that distinguish normal chromosome ends from DNA damage-induced double-strand breaks and thus subserve a critical function in maintaining chromosomal stability (1) (2) (3) . The functional importance of telomere integrity and telomerase activity has been addressed in a variety of experimental model systems, notably including genetic alterations of telomerase and telomeric proteins in multiple eukaryotic species. Evidence for a physiologically important role of telomerase in humans first emerged from analysis of the genetic syndrome dyskeratosis congenita (DKC), characterized by failure of bone morrow and other rapidly dividing cell lineages. An X-linked form of DKC was the first human disease recognized to be related to telomerase deficiency and is caused by the mutation of the gene encoding dyskerin, a protein component of the telomerase complex (4) (5) (6) . Subsequently, mutations of TERT and TERC have been shown to result in DKC and to be risk factors for a range of other human telomeric syndromes, including aplastic anemia, idiopathic pulmonary fibrosis, and acute myeloid leukemia (7) . Syndromes resulting from mutations in TERT and TERC are inherited as autosomal dominant traits because of haploinsufficiency and the inability of a single normal copy of TERT or TERC to maintain telomere length (7) .
The effect of altered telomerase expression on telomere length and function in mammalian cells has been studied extensively in mouse models. In the absence of telomerase, telomeres shorten progressively during successive generations of Terc-or Tert-deficient mice (8) (9) (10) . No significant abnormal phenotypes were observed in early generations of telomerase-deficient laboratory mice, which have exceptionally long wild-type telomeres in comparison with humans (and with mice in the wild). The appearance of genetic instability and chromosomal abnormalities coincides with the progressive accumulation of critically short telomeres that are detected in late generations of Terc-(8) or Tert-deficient mice (10) . Resultant functional consequences include male and female infertility as well as abnormalities in highly mitotic tissues. Haploinsufficiency has been shown in these mouse models in which progressive telomere shortening occurs in successive generations of Tert +/− (11, 12) and Terc +/− mice (13) . Notably, in contrast to mice with complete absence of telomerase or to humans with heterozygous TERT or TERC mutation, telomerase activity in these mouse models of telomerase haploinsufficiency is sufficient to protect against the generation of critically short telomeres (12, 14) , and no physiologic defects have been observed in these mice.
Although telomere length generally is maintained at a set point specific for a species or strain, the factors that determine the set point are not completely understood. Models of haploinsufficiency provide a model for studying the consequences of restoring a normal telomerase genotype on the length of inherited short telomeres. Genotypically wild-type children of telomerase-mutated parents were clinically free of any manifestations of human telomeric syndromes and were reported in one TERC-haploinsufficient DKC family to have telomeres that are shorter than normal (15, 16) . It was noted that second-generation genotypically normal descendants (grandchildren) of affected individuals have normal overall telomere length measured by flow cytometry-FISH (flow-FISH) (16) . However, the interpretation of these observations is complicated, because in these second-generation offspring only 25% of telomeres would be inherited from the affected grandparent, making it difficult to assess whether the expression of normal telomerase had elongated previously short telomeres. It therefore remains unclear whether normalized telomerase activity in the offspring of telomerase-mutated patients restores telomeres to a "normal" length. To understand the inheritance of telomere length, we first investigated three TERT-mutant families. Some but not all first-and second-generation genotypically wild-type offspring of affected TERT-mutated parents had shorter telomeres than did normal age-matched controls. Differences in observations made across generations in different clinically affected families might result from factors such as the heterogeneity in telomere length in human populations and the difficulty noted above in analyzing telomere length in admixtures of chromosomes from parental and grandparental generations. In the present study, we therefore analyzed telomere length in Tert +/+ mice that were generated by intercrossing Tert +/− mice for multiple generations. Successive crosses of Tert +/− mice for up to 17 generations resulted in progressive telomere shortening, without evidence of critically short dysfunctional telomeres. Notably, telomeres of genotypically wild-type Tert +/+ offspring of these late-generation Tert +/− mice were not longer than those of their Tert +/− parents. Moreover, there was no elongation of shortened telomeres after as many as six generations of crosses among these short-telomere genotypically wild-type offspring mice, although normalized Tert genotype did protect against further telomere shortening. Shortened telomeres generated in a haploinsufficient environment appear to be maintained without elongation or further shortening after restoration of wild-type telomerase, resulting in the generation of a substrain of mice with stable but short telomeres. These findings suggest a revised perspective on set-point regulation of telomere length.
Results
Inheritance of Telomere Length in TERT-Mutant Families. Telomere length in peripheral blood lymphocytes (PBLs) was analyzed in three families with TERT mutations and a history of aplastic anemia (17, 18) . Telomere length was very short as measured by flow-FISH for individuals with TERT mutations from these three families, with all 15 below the 10th percentile for normal controls and 13 of 15 below the first percentile for controls ( Fig. 1 and Fig. S1 ]. When genotypically normal-for-TERT offspring of affected individuals were analyzed, seven of nine children and one of two grandchildren studied had telomeres that were below the 10th percentile for age ( Fig. 1 and Fig. S1 ). Taken together, the findings from these three families indicate that telomeres are short in some but not all genotypically normal offspring of parents or grandparents carrying TERT mutations. The heterogeneity of telomere length among individuals and the admixture of telomeres from normal parents in successive generations complicate the analysis of telomere length regulation in these human populations and make it difficult to determine whether restoration of normal telomerase actually elongates telomeres toward an actively maintained species set point. In the present study, therefore, we used a mouse model to address this question further. (12) crosses was not detectably elongated in six generations of interbreeding (Fig. 2C) . To test the reproducibility of this finding, a second independent multigenerational cross was carried out for five generations, with the same result (Fig. 2C) . Thus, even prolonged breeding of genotypically normal mice did not restore the reduced telomere length to levels observed in the parental B6 strain, although it should be noted that restoration of Tert +/+ genotype was effective in preventing the additional telomere loss that was seen in successive generations of Tert +/− mice. The stable inheritance of shortened telomeres in late-generation Tert +/+ mice raised the question of whether a genetic or epigenetic change had occurred during derivation of these mice and was responsible for shortened telomeres. The likelihood of a random event causing this change was lessened by the observation of an identical outcome in two independent multigenerational breeding pedigrees. In addition, the failure to observe telomere elongation in Tert +/+ offspring even in early generations of haploinsufficient breeding suggested that this phenotype did not emerge late in the breeding process. To characterize further the inheritance of telomere length, three lines of shortened-telomere Tert +/+ mice were backcrossed to B6 mice that had the long telomere length characteristic of this strain, and the resulting F1 mice then were intercrossed (Fig. 2D) . Telomere length in individual F1 mice resulting from crosses of B6 and Tert +/+ g(15) mice was intermediate between that of the parental strains, consistent with admixture of the two parental telomere populations. Intercrosses between these F1 mice generated an F2 population with remarkably uniform telomere length in individual F2 mice, which did not differ from those of F1 parents (Fig. 2D) . Thus there was no segregation of telomere length as a trait in these mice, indicating that the short telomeres of Tert +/+ mice were not the result of a simple segregating genetic or epigenetic change. Defects. These results indicated that the breeding strategy employed resulted in generation of a strain of mice genetically identical to B6 with the exception of shortened telomeres. These mice are referred to here as "B6.ST." (Nomenclature is under discussion by the nomenclature committee at Mouse Genome Informatics.) We next investigated if B6.ST mice, late-generation Tert +/+ mice originated from Tert +/− crosses, exhibited any of the physiological defects associated with critically short telomeres in late-generation telomerase-knockout mice. Infertility resulting from a gross defect in spermatogenesis is the most obvious physiological defect observed in the late-generation telomerase-deficient mice. The weight of testes from Tert[ko]/G5 male mice was in fact dramatically decreased in comparison with wild-type males (Fig.  3A) . In contrast, Tert +/+ /g (17) and Tert +/− /g(17) males, which had equally short telomeres by flow-FISH, had normal testis weight.
Competitive bone marrow transfers were carried out to test hematopoietic stem cell activity as a measure of telomere-sensitive function in bone marrow stem cell repopulation. Bone marrow from normal CD45-congenic B6.Ly5.1 mice (long telomeres) was used as a competitor and mixed with Ly5.2 bone marrow from mice with short telomeres for reconstitution of lethally irradiated B6.Ly5.1 × B6.Ly5.2 recipients. PBL from chimeric mice were analyzed for the ratio of lymphocytes derived from the Ly5.2 test bone marrow to lymphocytes derived from the wild-type competitor B6.Ly5.1 bone marrow. Infertile mice with critically short telomeres were generated by intercrossing Tert (Fig. 3C) . 
Tert[ko] mice originated from successive Tert
−/− crosses. However, the short-telomere late-generation Tert +/+ mice did not have detectable physiological defects, whereas late-generation Tert[ko] mice had multiple abnormalities. Given the previously demonstrated association of functional defects with the accumulation of critically short individual telomeres, rather than with overall or average telomere length, we carried out quantitative FISH (Q-FISH) analysis to measure the individual telomere length for Tert +/+ /g (17) mice. The distribution of telomere length in metaphases from Tert [ko]/G5 mice revealed a skewing toward extremely short telomeres with little or no signal when hybridized with the telomere-specific probe (Fig. 4) . In contrast, telomeres from Tert +/+ /g(17) metaphases did not have the extremely short telomeres that were observed in Tert[ko]/G5 mice, consistent with the absence of functional defects in these mice. Also, no extremely short telomeres were observed in Tert +/− /g(17) metaphases (Fig. 4) .
Discussion
Although inheritance of telomere length has been reported in human families, the mechanisms underlying telomere-length inheritance remain unclear (19) (20) (21) (22) .We have analyzed telomerelength regulation and inheritance in human pedigrees and mouse models, studying telomere shortening in circumstances of telomerase haploinsufficiency and the regulation of telomere length upon restoration of a normal telomerase genotype. In families with TERT haploinsufficiency manifest as aplastic anemia, we observed that some but not all genotypically normal offspring of a haploinsufficient parent or grandparent retained short telomeres. It remained unclear from these studies whether restoration of a normal telomerase genotype is sufficient to restore telomere length in the short telomeres inherited from affected parents or grandparents. Interpretation of differences in telomere length in studies of human families is complicated by at least two factors. The first of these factors is heterogeneity in telomere length among individuals, requiring analysis within the context of telomere length of all parents, affected and unaffected, with data not always available. Even more challenging is the complexity that results from the fact that telomeres in any individual represent a mixture of telomeres inherited from both parents. In the families carrying telomerase mutations, short telomeres from the affected parent are admixed with generally longer telomeres from the unaffected parent. Determining the presence or absence of elongation of short telomeres in the context of this admixture is difficult, although in concept this question could be approached by tracking of telomere length on individual chromosomes. To assess further telomerase haploinsufficiency and the regulation of telomere length, we therefore established a mouse model to address these questions. We extended the previous demonstration, from our own laboratory and others, that mouse Tert haploinsufficiency results in progressive telomere shortening (12, 23) . We then analyzed the genotypically normal Tert +/+ offspring of breeding between Tert +/− mice and found that telomeres were not elongated. Breeding of short-telomere Tert +/+ mice for up to six generations failed to result in detectable telomere elongation. Thus short telomeres resulting from telomerase haploinsufficiency result in a stable and inheritable phenotype despite normal genotype. Telomeres were protected from further shortening but were not elongated toward the wild-type strain/species-specific set point of (13) or Tert[ko]/ G5 origin) and Ly5.1 control PBLs was calculated and presented as mean ± SEM (n = 9-13 for the three chimera groups). (C) TUNEL assay of apoptosis in small intestines. Small intestines were collected from C57BL/6, Tert +/+ g (17), Tert +/− /g (17) , and Tert[ko]/G3/g(17) mice, fixed in formalin, and embedded in paraffin. TUNEL assays were performed. Three mice were analyzed from each group, and 15-20 sections per mouse were scored. B6 mice. Crossing these short-telomere Tert +/+ mice with B6 wildtype mice and subsequent intercrossing failed to show any segregation of telomere length, indicating that persistent short telomeres in these mice do not represent a simple heritable genetic or epigenetic trait. These findings suggest a revised understanding of telomere-length regulation and species-specific set points.
The critical role of telomerase in maintaining telomere length has been well established in multiple species, including mouse and humans. The phenomenon of haploinsufficiency also has been well described in human patients with heritable defects in telomerase components (6, 7, 18) as well as in Tert +/− and Terc +/− heterozygous mice (11) (12) (13) . Thus successive breeding of Tert +/− mice results in progressive telomere shortening. In the present study, breeding of Tert +/− mice for up to 17 generations continues to generate fertile mice without evidence of telomere dysfunction as measured by testis weight and bone marrow reconstituting capacity, despite an overall telomere length measured by flow-FISH that is equivalent to that achieved in late-generation Tert −/− mice that have reached a point of infertility. The finding of increased apoptosis in intestinal crypts of Tert +/− /g (17) but not of Tert +/+ /g(17) mice might be the earliest indication of telomere dysfunction during progressive breeding of haploinsufficient mice. Overall, these results are consistent with the finding that limiting amounts of telomerase may act selectively to maintain the shortest of telomeres, thus protecting against dysfunction (12, 14) . What has been less well addressed in previous studies is the ability of telomerase to maintain or extend overall telomere length in cells that have inherited abnormally short telomeres from telomerase-deficient progenitors. The present data demonstrate that short telomeres can represent a heritable phenotype that is stable for at least six generations in absence of any apparent or segregating change in genotype, in effect creating a strain of mice with short telomeres. These results contrast with those which we previously reported based on intercrosses between two species of mice: Mus musculus domesticus, a species with long telomeres, and M. spretus, a species of feral mice with much shorter telomeres (24) . Interbreeding and segregation analysis between these species revealed that short telomeres of M. spretus origin were elongated in F1 mice and that elongation segregated as a dominant trait mapped to a single locus on distal chromosome 2 (24) . Subsequent studies mapped this phenotype to the gene encoding the Rec helicase (Rtel) (25, 26) . The precise mechanism of action of this gene product remains to be elucidated. Thus, elongation of overall telomere lengths, beyond protection of critically short telomeres (14) , can occur in interspecies crosses. In contrast, the current work indicates that, in genetically homogeneous B6 mice, telomeres that have been shortened by haploinsufficiency are not elongated by restoration of telomerase genotype. This observation was made in two independent lines of mice, indicating that the phenomenon is unlikely to represent a chance mutation. Moreover, the failure to observe any segregation of telomere length in a cross with wild-type B6 mice indicates that no simple genetic or epigenetic change accounts for failure of telomere elongation.
What then explains the apparent stability of telomere length within a species or strain but the failure to elongate telomeres rendered short in this strain? The newly established B6.ST strain appears otherwise to be genetically identical to the parental B6 line, but the two express substantially different telomere lengths. It should be emphasized that in both wild-type B6 and B6.ST mice, maintenance of telomere length is strictly telomerase-dependent. Heterozygosity for Tert deficiency results in telomere shortening in both B6 and B.ST mice, and homozygous intact Tert is necessary for maintenance of telomere length. We conclude that the speciesspecific set point for telomere length is not determined by genotype alone but reflects historic events in the species, in the current model including telomerase haploinsufficiency in past generations. These results provide an interesting and surprising extension of the previous observations that telomerase acts selectively to elongate critically short telomeres (12, 14) . There may be no efficient mechanism for targeting telomerase-dependent telomere elongation over a wide range of telomere shortening when there is no sensing of "criticality" in telomere length (14) . Telomerase activity is otherwise regulated to provide, on average, approximate compensation for the telomere loss that occurs with chromosomal replication and cell division. It has been demonstrated previously that telomerasedependent regulation of telomere length can be modulated by alterations that affect other components of the telomere. Thus, although wild-type telomerase will not extend telomere length under otherwise normal conditions, deletion or down-regulation of telomere-associated proteins can result in telomere elongation beyond the species-or strain-characteristic length (1, 3) .
Following submission of this paper, Meznikova et al. (27) reported an analysis of multigenerational breeding of Tert heterozygous mice. They employed a breeding strategy that differed from that used in the studies reported here. Rather than successive breeding between Tert +/− mice, Meznikova et al. repeatedly crossed Tert +/− mice with wild-type B6 Tert +/+ mice (27) . They reported that this strategy resulted in telomere shortening through 10 generations, after which continued breeding resulted in elongation of telomeres through generation 14. The mechanism of initial progressive telomere shortening in this strategy is not clear, because breeding involves introduction of long B6 parental telomeres at each generation. In our own colony, we have repeatedly backcrossed Tert +/− mice to B6 to maintain a stable B6 genotype. Through 35 generations of breeding, we have not observed telomere shortening. It should be noted that our studies and those of Meznikova et al. employed different Tertmutant lines. We constructed an altered Tert allele by disruption of exon 1, with documented absence of detectable Tert mRNA (9) . In contrast, the Tert mutation used in the study of Meznikova et al. (27) involved the replacement of a portion of the Tert gene extending from within exon 4 to a point within exon 7 (10), an alteration that might be expected to allow transcription of a truncated Tert mRNA, although it was reported that no transcripts were detected by quantitative RT-PCR (12) . Also after submission of our paper, Armanios et al. (28) reported studies of heterozygous Tert +/− mice that had been backcrossed to a CAST/EiJ background with telomeres substantially shorter than those of B6 mice. They reported that successive generations of Tert +/− CAST/EiJ breeding resulted in progressive telomere shortening, in this case sufficient to result in telomere dysfunction. When Tert +/− CAST/EiJ mice were intercrossed to generate Tert +/+ CAST/EiJ mice, successive intercrosses of these genotypically wild-type mice resulted in telomere elongation. Taken together, the results of Armanios et al. (28) and those which we have reported here are consistent with our proposed model, in which telomere length is inherited as a stable phenotype, with elongation of telomeres in the presence of wild-type telomerase occurring only when telomeres are recognized as critically short. Thus, functionally critical levels of telomere shortening may have been generated by haploinsufficiency in CAST/EiJ mice but not yet in the B6 mice that we have studied. In our previous studies of crosses between M. musculus and M. spretus, M. spretus telomeres appear to be recognized in M. musculus × M. spretus F1 mice as shorter than the threshold length that triggers telomere elongation, and we observed elongation of M. spretus telomeres in these interspecies F1 mice (24) . The short telomeres of late-generation B6.ST mice are still longer than those of M. spretus (24) and do not trigger elongation. The model proposed here would predict that further shortening of telomeres in continued breeding of Tert +/− mice eventually would result in functionally critical shortening that would trigger telomere elongation when a normal Tert +/+ genotype is restored. The B6.ST mouse represents a strain that may be useful in studies of telomere dynamics and insufficiency on the commonly used B6 genetic background. Breeding of Tert +/− mice will be continued to generate variant strains with progressively shorter telomeres and to monitor functional status under these conditions.
Materials and Methods
Mice. The generation and characterization of Tert-deficient mice was reported previously (9) . Tert mutants were backcrossed to B6 for at least 18 generations before use in studies reported here. Fig. 2A shows the breeding strategy used in generation of Tert-deficient mice. All animals were housed at Bioqual (Rockville, MD).
Q-FISH.
Mouse spleen lymphocytes were stimulated with Con A (5 μg/mL), LPS (15 μg/mL), and recombinant IL-2 (150 IU/mL) for 48 h. Activated cells were treated with colcemide and fixed with 3:1 methanol:acetic acid. Metaphase cells were dropped on slides that were then hybridized with Cy3-labeled (CCCTAA) 3 oligonucleotides, and chromosomes were stained with DAPI. Fluorescent signals were collected and analyzed as previously described (9) . Using FluoreSphere beads (Molecular Probes) as standards, we fluorescent signal intensities using Q-FISH software (29) .
Human Peripheral Blood Leukocyte Separation. Peripheral blood was collected after informed consent was obtained in accordance with the Declaration of Helsinki and the research protocol approved by the National Heart, Lung, and Blood Institute Institutional Review Board (ClinicalTrials.gov NCT00071045). Twenty milliliters of peripheral blood was collected from patients with TERT mutation and from healthy volunteers. DNA was extracted from total peripheral blood leukocytes using the Qiagen DNAeasy kit (Qiagen). Telomere length of peripheral blood leukocytes was measured after red cell lysis with ammonium chloride solution by flow-FISH as reported previously (30, 31) .
Flow-FISH Analysis of Mouse Lymphocytes. Mouse spleen lymphocytes were prepared and incubated with FITC-labeled (CCCTAA) 3 oligonucleotide in buffer containing 20 mM Tris, 75% formamide, 1% BSA, and 20 mM NaCl at 86°C for 15 min, followed by room temperature incubation for 2 h in the same buffer. Cells were used for FACS analysis after being washed four times with buffer containing 20 mM Tris, 75% formamide, 1% BSA, and 0.1% Tween 20 (Sigma) (32) . The FITC fluorescent signal of the cell-binding telomeric probe was converted to arbitrary units of molecule equivalents of soluble fluorescence (MSEF). The average of fluorescent intensities from each mouse was normalized to that of a B6 mouse (defined as 100).
Bone Marrow Transplantation. Radiation bone morrow chimeras were prepared as described previously (33) . (B6.Ly5.1 × B6.Ly5.2) F1 recipient mice were lethally irradiated with 1,000 rad and reconstituted with a mixture of cell-depleted bone marrow cells containing 3 × 10 6 CD45-congenic B6.Ly5.1
wild-type bone marrow cells and 3 × 10 6 Ly5.2 bone marrow cells from test mice. The ratio of Ly5.2 to Ly5.1 PBL from chimeras was analyzed by FACS after 6-10 weeks of reconstitution.
TUNEL Assay of Apoptosis. Small intestines were resected, flushed, fixed in formalin, and embedded in paraffin. Apoptotic cells were evaluated in tissue sections by TUNEL to detect fragmented DNA, using the TACS 2 TdT-Fluor In Situ Apoptosis Detection kit (Trevigen Inc.), according to the manufacturer's instructions. The analysis of stained slides followed the procedures of Meznikova et al. (27) , and sections of the small intestine were used to determine incidence of apoptosis in intestinal crypts. Three mice from each genotype were used, and 15 to 20 sections per mouse were analyzed. One-way ANOVA followed by Bonferroni's multiple comparison test was used to analyze the frequency of apoptotic cells in small intestine sections. The measurements were made on coded samples by an observer who did not know the identity of these samples.
